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CHAPTER 1

INTRODUCTION

Research onthe behavior of a "zero-g satellite" [Reference 1] is
being done at Stanford University. The drag-free satellite can be used
to perform several different experiments.

a) Geodesy: the departure of the figure of the earth from perfect

sphere;

b)  Aeronomy: the density measurements of the upper atmosphere.
Several other possible applications are described by Lange [Reference 1].

For the purpose of studying the behavior of the "zero-g satellite™
a large dynamic simulator ACV (Air Cushion Vehicle the name given to
the simulator) was designed. The main features of this simulator are
described later. Four air jets which are actuated by a pulse-width,.
pulse frequency (P.W.P.F.) [Reference 2] control law keep the ACV at the
desired position. It is intended to use the same control law and the
same position sensor on the satellite itself.

The lifetime of that satellite depends on the limit cycle fuel con-
sumption of the control jets. Therefore the parameters of P.W.P.F. must
be chosen so that the limit cycle fuel consumption is minimized. The
present research is concerned with this optimization problem. The

research consists of three different phases:

Phase 1: The ACV should be brought into operating conditions, and
all the necessary modifications should be done so that thebehavior of

the ACV could be studied;



Phase 2: Based on the data and experimental results obtained in
Phase 1, a model of the ACV system is to be constructed on the analog
computer.

Phase 3: At this phase the optimization is done. There are two
stages to the optimization process:

1) Slaving the analog computer to the digital computer (hybrid

system) and

2) Constructing an efficient search method for the optimum gain

setting.

The present report consists mainly of these three parts.
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CHAPTER II

THE EXPERIMENTAL SET-UP AND RESULTS

2.1 Introduction

It is not the purpose of this report to describe the ACV (Air Cushion
Vehicle), but in order to understand the experiments and the analog
simulation, and since there is no report which describes the ACV, a short
and simplified description is included.

The ACV is actually an air bearing which floats horizontally over a
granite table with negligible friction. Thus it can be used as a simu-
lator for a *"zero-g satellite™. The simulator is an important tool in
the development of circuitry and sensors of the control loop, and it
will give accurate information on propellant consumption of the "zero-g

satellite™.

2.2 General Description of the ACV Operation

The air-cushion vehicle is floated on an air film over a granite
table. The table (Fig. 2.2.1) can be tipped so that the air cushion
vehicle tends to move across the table. This simulates a disturbing
force acting on the "zero-g satellite". Table angles corresponding to
drag at different altitudes for a typical satellite are shown in
Figure 2.2.2. A proof mass is supported above the table to simulate the
proof mass in the "zero-g satellite™. The ball is located within a hemi-
spherical capacitor (Figure 2.2.3) which is connected rigidly to the
vehicle. As the vehicle moves across the table, its position with

respect to.the ball is sensed, and the control system causes a gas valve
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(Fig. 2.2.4) to fire in order to bring the vehicle back to its proper
location centered underneath the ball. The granite table is kept at a
proper leveling by an automatic table leveling system described in

details elsewhere [Reference 3].

2.3 Structural Description

The present simulator vehicle was developed mainly by a "try and
learn'" method. Most of its components have been built by Dr. R. Bourke
and Mr. R. Tuffias. It consists of a 3/4" thick and 28" diameter cir-
cular aluminum base (Fig. 2.3.1) with central gas supply and 2" diameter
recess at the center. This recess is necessary to lift the vehicle off
the ground when it is not yet afloat. (Fig. 2.3.3a) Then the total
lift is provided by the pressure of the gas flowing in, times the area
of the recess, until a gap is formed between the vehicle and the ground
which allows the gas to spread out and to form the normal supporting gas
film. A second 1/4" aluminum plate of hexagonal planform and of 26"
width between opposite edges is located on the base plate. The two
plates are separated by an O-ring. This is done in order to have a
completely axisymmetric load distribution on the lower base plate. All
the instrumentation and the gas supply systems are connected to the
hexagonal base.

The support gas is stored in four vertical high-pressure steel
bottles, size number 4, each holding approximately 1 pound of nitrogen
(Fig. 2.2.4). The gas is let out through a pressure regulator and a
flowmeter into the base plate.

The control gas is stored in two horizontal steel bottles similar

to the support gas.
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Four radial jets for two-dimensional lateral control had been
mounted on the vehicle at 90O apart (Fig. 2.3.2). The nozzles are 3/64"
diameter holes drilled into pipe plugs, the edges of the holes being well
rounded to yield a convergent-divergent shape. The plugs were then
screwed into the outlets of a commercial solenoid valve, "ASCO"

No. 826222.

The two gas systems, the support and control, are described
schematically in Figure 2.3.3.

The electrical equipment consists of the position sensor, a large
12-volt battery as general power supply, and the control circuitry.
Finally, two "Nikon" cross travelling micrometer carriages are located
one under the battery, (Fig. 2.3.4) and one under the position sensor
(Fig. 2.3.2). By manipulating the micrometer-carriage it was possible
to get fine symmetrical mass distribution.

The metallic ball which represents the proof mass in the actual
satellite was positioned by a special device (Fig. 2.4.1) which allows

accurate (0.0001 inch) positioning in three dimensions.

2.4 Position Sensor

The position sensor consists of two main parts:
1) Precision Ball Positioner (Fig. 2.4.1).

2) Capacitive Pickoff Sensor (Fig. 2.4.2).

Precision Ball Positioner:
For various purposes, a device has been built which allows accurate
(0.0001 in.) positioning in three dimensions of the steel ball which

represents the proof mass in the actual satellite.

11
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A "Nikon" cross-travelling micrometer carriage (accessory to Nikon
Model 6C¢ Comparator) provides 1-inch travel in the two horizontal direc-
tions. It sits in a cage which is clamped via a rotation head to the
granite rail. A 1-3/4 in. diameter steel tube whose upper end is fixed
to the moving head of the micrometer carriage goes through its central
3-inch diameter hole. It carries the vertical positioner whose essential
parts are a micrometer measuring the vertical position of the actual ball
holder, and a microscope sled (taken from an "Edmund Scientific" micro-
scope) which carries the ball. By this construction, the micrometer
is completely unloaded and should allow accurate position readings even
after long use. The ball itself sticks to a permanent horseshoe magnet
which in turn sits at the end of a 1/2 inch phenolic rod. Thus, it is
insulated against the large metal mass of the positioner head, and while
its suspension is plenty stable for "no touch" conditions, it is still
flexible enough to prevent damage of either the vehicle or the positioner
in case the vehicle bumps into it.

Capacitive Pickoff Sensor:

The capacitive pickoff sensor consists of four or six sphere sections
arranged for two-axis oOr three-axis operation as well as two- Or three-
impedance matching transformers and associated circuitry as shown in
Figure 2.4.3. The sphere to be position-sensed is nominally located
concentrically with'respect to the sphere sections.

The capacitive pickoff used with the existing ACV employs one full
plate (nearly 1/6 of total sphere area) located at the bottom and
grounded, and four half plates located in the +X, -X, +Y, and -Y

positions. The inside diameter of the sections is 55.3 mm, and the ball

15
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used is 50.8 mm diameter. Thus the ,nominal gap is 2.25 mm.

The transformers used with the capacitive pickoff are special units
having an exciting impedance of about 1.8 megohms at 5 kc and a step
down ratio of about 88 to dwith an output impedance of about 300 ohms
at 5 ke. Capacitive balance is extremely critical, as is the exciting
impedance phase angle. The dielectric and loss factors associated with
the sphere section insulating support are also very important- in deter-
mining the pickoff design. The impedance of the legs making up the
capacitive bridges are approximately -j 15 megohms at 5 kec.

The capacitive pickoff produces a hard nonlinearity resulting from
the nonlinear capacitance vs. displacement function. The extent of this
nonlinearity is shown in Figure 2.4.4. 1t should be noted that the
nominal threshold of the control system is set at 30 mils, which is

within the reasonably linear range of the pickoff.

2.5 Control System Description

The control system block diagram is shown in Figure 2.5.1. The
electrostatic capacitive pickoff sensor provides a two-dimensional
position indication in the form of a phase-polarized D.C. signal of the
order of ¥ 0.5 mv R.M.S.  Two high-gain amplifiers amplify the signal
from millivolt range to volt range. The amplified D.C. signals are
converted to differential DC signals by means of a transformerless dif-
ferential demodulator circuit. The electrostatic pickoff and demodu-
lators both employ an excitation signal derived from a 5 ke oscillator.
The differential DC signals drive the differential operational amplifiers

and excite 'the rate gyro potentiometers. The differential operational

17
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amplifiers provide a lead lag lag transfer function for rate sensing

and noise filtering. The modified DC signal which now includes rate
information as well as position, drive pulse width pulse frequency valve
control circuits. The pulse width pulse frequency valve control circuits
consist of integrators with Schmitt trigger reset feedback. The system
is arranged in a bipolar manner such that positive inputs cause the
positive Schmitt trigger to fire and negative inputs cause the negative
Schmitt trigger to fire. A dead band is provided to prevent the use of
excessive fuel. The error signals seen by the PW.P.F. circuits are

effectively the following :

el
I

X+X—(a>ZY)

(2.5.1)
EY:Y+Y+((DZX)

where

X = X-axis position error

Y = Y-axis position error

X = X-axis rate

Y = Y-axis rate

®, = Z-axis angular rate (by using the rate gyro switch,

Fig. 2.3.2, it can be included in the error signal).

The PW.P.F. characteristics are given in Figure 2.5.2. Observe that

the dead band is % 12 mils and saturation occurs at around 30 mils.
Lamp drivers are provided for visual display of valve operation.

Lamps are color coded to permit visual determination of valve axis and

polarity, Figure 2.3.k.
20
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The error signals are fed into an analog computer TR-20 and
filtered, and the filtered error signals are available for plotting

Or measuring.

2.6 Balancing Procedure

The experiments were performed during a period of one month; during
all this time the table was kept at a zero tilt position by the auto-
matic table levelling system.

After bringing the vehicle into operating conditions it was necessary
to balance it and to level the table; these two operations must be done
simultaneously, since the vehicle behavior determines both the table tilt
and the mass distribution on the vehicle. The table position can be
adjusted by changing the table angle biases, Figure 2.6.1, while chang-
ing the mass distribution on the vehicle is achieved by putting brass
weights, Figure 2.3.1, on the ACV and adjusting the micrometer carriage,
under the battery, Figure 2.3.4, and under the capacitor pickoff housing,
Figure 2.3.2.

An initial rough levelling was obtained by levelling the bubble
level which is located on the granite table.

The values of the table angle bias are then recorded and the vehicle
trajectory is observed. |If the system is unbalanced, the mass distribu-
tion on the ACV is adjusted. A typical trajectory of an unbalanced system
is shown in Figure 2.6.2b. By changing the mass distribution it is pos-
sible to improve the system balance.. A trajectory of such a system is
shown in Figure 2.6.2a. At this stage the vehicle is turned 180° and

again its trajectory is obtained. If the trajectory is the same as the
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Figure 2.6.2. Vehicle trajectory at different conditions:

(a) Vehicle trajectory of balanced vehicle and leveled table,
vehicle travel over all its allowable range ¥ 12 mils.
(control jet pressure 60 p.s.i.).

(b) Left Side: vehicle trajectory when table is tilted 3 arcsec,
and the direction of the gravitational force coincides with
the X direction.

Right Side: vehicle trajectory when table tilt is 3 arcsec,
and the direction of the gravitational force is 45° with the
control jet axis.

(c) Trajectory of rotating vehicle when table tilt is 3" arcsec.
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previous one, the system is balanced; if it is similax to that shown in
Figure 2.6.2b, the table level is changed until the system is balanced.
At this stage the initial values of the table angle bias potentiometer
are compared with the present values, and a new set of values are obtained
by setting the potentiometers at a mid-value. The vehicle is then turned
back to its initial position and the above steps are repeated. This
procedure continues until a turn of 180° does not cause a change in the
vehicle trajectory.

This procedure was carried only once, since the system was kept
almost balanced by the automatic table levelling control and only slight
daily adjustments of the table bias potentiometers were needed for bringing

the system back to its proper position.

2.7 The Experiments

In order to identify the ACV system equations it was necessary to
get as much information as possible from each experiment. Three different
sets of experiments were conducted.

In the first set of experiments the effect of the granite table
surface on the vehicle was checked. These experiments were performed
in order to estimate the magnitude of the error introduced by performing
different experiments at different locations on the table. Since all the
experiments were done during a period of one month, it was possible to
keep the location of the vehicle approximately constant. Therefore,
the effect of the table surface was checked only over an area which is

slightly bigger than the diameter of the vehicle (precisely 1.5" bigger).
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In the remaining experiments both fuel consumption and vehicle
trajectory were recorded as a function of the granite table tilt and
the control jet pressure.

The amount of gas consumed by the support jet and control jets was
measured by an accurate pressure gauge (¥ 5 p.s.i.). In order to repro-
duce the same initial conditions the initial pressures of both support
and control tanks were 1000 ¥ 5 p.s.i.

The vehicle jets were aligned with the table corners so whenever
the table was tilted only one channel fired, while the second channel
trajectory was uneffected (see Fig. 2.8.4).

The temperature in the experimental area remains constant; therefore,

the pressure difference (Pinitial - Pfin

al) of both control and support
tanks was directly proportional to the gas consumption.

The table angle tilt was adjusted by the table angle bias potentiom-
eters (Fig. 2.6.1). Table tilt angles range from 0" * 0.1" to 4" * 0.3",
which corresponds to height range of 400 to 200 km.

The control jet pressure was adjusted by changing the low pressure
side of the pressure regulator. Three different values were used = 20,

40, and 60 p.s.i.

The support low pressure side was kept at 30 p.s.i., while the support

flowmeter was kept at 3 (Stainless Steel ball).

Information on the vehicle trajectory was obtained from signals

leaving the lead lag lag filter (Fig. 2.5.1).
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2_8 Results

The results are represented in two different ways:
. a) Fuel Consumption (1v/hr - nitrogen consumed)
b) Vehicle trajectory.
Pressure difference was the measured parameter, and the fuel rate

consumption is calculated by

g - 2L3 28 x 3 APN = 54x 10 AP T

293-5 1 B4 x 10'4 X 22.4

where

203.5°K is the room temperature
28 - molecular weight of nitrogen

. 3 - vqlume of storage tank (liters)

AP - pressure difference (p.s.i./hr)
N - number of storage tanks

(N

2 for control system)
(N = 4 for support system)

2.4 - molar volume at standard conditions

. 2
L . inch
1.54x 107" - conversion factor =

From the first set of experiments it is clear that the granite

table surface does not influence the gas consumption, at least in the

vicinity where all experiments were performed.
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Position on the Table Gas Consumption
X(inches) Y{inches) 1b/hr

-0.5 -0.5 0.118

0 0 0.129

0.5 0.5 0.124

Table 1 - Gas consumption (1b/hr) vs. different locations on the
table.

The gas consumption rate does not depend on the control jet pressure
over a wide range. At very high altitudes there is an increase in fuel
consumption because all four jets fire and some of the fuel is wasted to
counteract the acceleration given to the vehicle by the opposite jet.
This phenomenon can be observed clearly from the analog computation
results, See 3.10.3, and also from Figure 2.8.1.

Since each day the level position was slightly changed the correla-
tion found between different experiments done on the same day is higher
compared to that found between experiments that were done on different
days. Therefore, the dependence of the fuel consumption on table tilt
cannot be deduced accurately from Figure 2.8.1. However, in another
set of four experiments, all done on the Same day, the fuel consumption
variation with table tilt was determined. These results are shownin
Figure 2.8.2.

The vehicle trajectory in the usual sense is a spatial description
of the vehicle position as shown in Figure 2.6.2, but in order to extract
more information from the analysis of the results it is more convenient

to have the vehicle "trajectory"™ in each channel as a function of time.
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In all the following figures the trajectory of the vehicle in both
directions is given as a function of time and various other parameters.
Each figure consists of several pairs of curves. The upper curve is
always the trajectory of the vehicle in x-direction (channel 1), while
the lower curve is the trajectory of the vehicle in y-direction
(channel 2).

The maximum travelling distance in any direction is around %12 mils,
which is the point where the control jets opened.

In Figure 2.8.3 the vehicle trajectory is given as a function of
time when the control jet pressure is varied from 20 to 60 p.s.i. The
table is leveled; therefore the vehicle is travelling over all its range
112| mils in each direction. As the control jet pressure increased,
the velocity of the vehicle increased; therefore, the frequency of
firing is also increased. Moreover, in the low range pressures any
external disturbance due to nonideal behavior of the jets Or minor
rotation of the vehicle can be observed, and in these’ cases the shape
of the curve is not regular.

The effect of different table tilts on the shape of the trajectory,
for control jet pressure of 60 p.s.i., is shown in Figure 2.8.4. When
the table is leveled, both trajectories are alike since the vehicle is
travelling over all its allowable range. Note that the gravitational
force is aligned with the vehicle axis. Therefore the force is felt
only in one channel. (See also Fig. 2.6.2b.) Since it was not possible
to avoid minor angular velocity, the pulses are not always uniform.

However, the effects of increasing table tilt are clearly observed. The

31



+2 —

Ch. 1 o~

MILS
I
AN
N
I

+2 —

Ch.2 o —

-12 — (a)

+2 —

Cht O —

-12 —

Mits

+2 —

Ch2 0 —

+2 —

mm———

ch.l 0 — |

MILS

Ch.z2 0 —

(c)
P RS B

i s 1
O 20 40 6 80 100 120
TIME (sec)
Figure 2.8.3. Vehicle trajectories of leveled and balanced system as a
’ function of control jet pressure:
(a) Control jet pressure 20 p.s.i.

(b) Control jet pressure 40 p.s.i.
(c¢c) Control jet pressure 60 p.s.i.
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Figure 2.8.4. Vehicle trajectory as a function of different table tilts;
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(continued)
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frequency of firing is increased, while the height of-the parabolas is
decreased.

The same curves but with different time scale are shown in Figure
2.8.5. This figure was included in order to show the electronic Cross
coupling effect. It was felt that this effect does not influence the
fuel consumption; therefore, this effect was not included in the simula-
tion (see sec. 3.5).

The effect of different control jet pressures on vehicle trajectory,
when table tilt is 4 arc sec, is shown in Figure 2.8.6. When control jet
pressure is 20 p.s.i., the frequency of firing is very high and it is
almost impossible to distinguish between the individual pulses. The
pulse height is increased with the pressure, while the pulse frequency
is decreased.

The trajectory of the rotating vehicle when table tilt was 3 arc sec
and control jet pressure was 60 p.s.i. is shown in Figure 2.8.7. This

is the only data of rotating vehicle available in the present report.
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CHAPTER III

ANALOG SIMULATION

3.1 Introduction

Two PACE TR-48 analog computers were used to simulate the ACV. The
TR-48 computer is a fully transistorized analog; a detail description
of the unit can be found in [Reference 4]. The program on the analog
was divided into two main parts:

a) ACV Simulation, and

b) Measuring devices and relays for slaving the analog to the

digital computer for the optimization purposes (described later).

ACV Simulation:

The program consists of nine parts:

1) Dynamics of the ACV. As described later two different programs
were used,

2) Coordinate Transofrmation,

3) Position sensor,

4) Velocity and position filter,

5) Schmitt trigger (as part of the control mechanism),

6) P.W.P.F. with Dead-Zone,

7) Fuel consumption measurements

8) Maximum range measurements

9) Noise generator and filter for analyzing the noise.

T™wo different simulations were used. 1In the first case the equations

of motion were given in body-fixed coordinates, while in the second case
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the equations of motion were given in inertial coordinates. Both

programs are shown in Figures 3.10.1 and 3.10.2.

3.2 ACV Dynamics

Derivation of the equations of motion for the three-dimensional
"zero-g satellite" have been given by Lange [Reference 1]. The equations

of motion of the two-dimensional ACV are obtained similarly

X - a)zx - 20y = Fg cos wt + ch
(3.2.1)
2 .
y - »y + 20x = —Fg sin wt +Fcy
where
® - is the angular velocity of the ACV rad/sec.
Fg - is the magnitude of the gravitational acceleration (which can

be adjusted by changing the table tilt on which the ACV is

floating).

F Fcy - are the control acceleration along the x and vy

coordinates.
X, y - are the coordinates of the ACV; the most convenient coordinate

system is a body-fixed frame.

In order to observe the motion in inertial frame, a coordinate trans-
formation was programmed on the analog (Sec 3.3).

The analog computer program, together with sin and cos generators,
is given in Figure (3.2.1). For reasons of clarity some of the outputs
were not included in this figure. The parameter £ appearing in the

diagram is a scale factor, and the numbers refer to attenuators and
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amplifiers of the TR-48 No. 2 analog computer. The voltage as read on

the amplifiers is related to the position of the ACV by the following

equations:
Xpcv = 'analog - 10[mils/volt]
(3.2.2)
Yoov ‘analog 10[mils/volt ]
By defining
it is possible to reduce Equation (3.2.1) to
£t oot -t =F., + F (3.2.4)
c - 2.
where
i =+-1
Fo = Fy +1 Fcy (3.2.5)
= +1F
FD FDX Dy
Equation (3.2.4) can be written as
2 . 2
(D + 2iwD - @)e = Fo +Fp . (3.2.6)
The roots of Equation (3.2.6) are given by
ol
D = - im FNe® - e (3.2.7)

1,2

It was found that when « # 0 it was rather difficult to simulate the

double root, for this reason, a simulation in which the vehicle
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dynamics is given in inertial coordinates was constructed. |n this form

the equations of motion are given by

(3.2.8)
.
v - FC .
Yy
where
FCx‘ - FCx cos cut - FCy sin cut
(3.2.9)

Fcy' - FCx sin cut + FCy cos cut

The simulation of this equation of motion is shown by Figure 3.2.2,

together with sine and cosine generators, and control acceleration trans-

formation (Eq. 3.2.9).

3.3 Coordinate Transformation

The position and velocity of the ACV in inertial reference frame
(x*', y') are related to the position and velocity coordinates (x,y) in
the body-fixed frame by :

a) Position in inertial frame

X' = X cos cut -y sin cut
(3.3.1)
y' =y cos cut + X sin cut
b) WVelocity in inertial frame
%' =(x - wy)cos wt - (y + wx) sin wt
(3.3.2)

v' =(y + wx)cos wt + (x - wy) sin wt

4
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COORDINATE TRANSFORMATION

x/ | 00 -x/ tx
l :); I ~0.Ix’cos wt
A
! — I—:—i\ =x/coswt t y’sin wt
S
] . P
L Y =1
+y
m [+ . ‘ 27 WY, W |
v v/ ~0.ly’sin wt
l—%—— | o' y I f
L
-X
——'y...y ! b
} Olx’sinwt
2
i ? ? 1Q y=y‘cos -x/sin ut
7% P
10
LA __|-O.ly‘cosut

I!
2

Figure 3.3.2.

- Sin wt
sin wt

cos wt

-C0S wt

Coordinate transformation simulation (Inertial coordinates
to body-fixed coordinates). This transformation is the
inverse of the transformation shown in Figure 3.3.1
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where X, y - are the velocities components in body-fixed coordinates

x', y' - are the velocities components in inertial frame.

The analog program which simulates this transformation is given in Figure
3.3.1. Some parts of the program which are not relevant to the trans-
formation are not shown here. This program allows the observation of

x' and x' or y' and y'.

The control and sensing devices are on the vehicle and are rotating
with it. Therefore, the complete simulation can be done in body-fixed
coordinates without using the above coordinate transformation; the only
reason for including this part was for checking purposes. Since intuition
can be used if the trajectory is given in inertial coordinates. But if
the equations of motion are given in inertial coordinates (Eq. 3.2.8) a
transformation of coordinates is necessary because the control mechanism
is actuated by error signals proportional to the position and velocity in

the body-fixed coordinates. The coordinate transformation, which is the

inverse to the one shown in Figure 3.3.1, is given in Figure 3.3.2.

3.4 Position Sensor

The position sensor simulation is shown in Figure 3.4.1. The outputs
of the position sensor in both directions Fl(x,y) and F2(x,y) depend
on both X and y as can be seen from Figure 2.4.5. The simulation
consists of two parts: 21)generation of contours, and 2) generating

F,(x,y) and Py (%)
1) Generation of contours.

Constx
(3.4.1)

Fe(x,y) = Const J
47
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It is assumed that near the origin ¥. depends only on x and F

1 2

depends only on y. Therefore, at this region the contours are given by
the lines

X = Const

(3.4.2)
Const

y

As x and y increase, the dependence of both Fl and F2 on y and
X respectively is increased. It is assumed that in that region the

equation of the contours is given by

x(1 +Axy2)

X + fl(xJY>
(3.4.3)

y(1 +Bxx2) =y + £,(xy)

The coefficients A and B and the breaking points are determined by
attenuators numbers 35, 37, and 09 for the x-direction and by attenuators
numbers 12, 22, and 36 for the y-direction. The values of the coefficients
were not calculated explicitly; the attenuators were adjusted so that the
contours obtained from the simulationwill fit the experimental contours

which were obtained from Figure 2.4.4.
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F.‘L Xmils

v mils 0.5mv 1.0w 1.5mv 2.5mv 4_aw
o 15 30.0 2.5 60.0 77.0
10 15 29.5 41.2 60.0 77.0
20 15 2.5 41.2 53.5 73.0
30 15 28.8 41.2 57.5 71.0
40 15 27.5 40.0 56.2 71.0
50 13.8 26.2 30.2 .0 68.5
&0 13.8 25.0 37.2 50.0 62.5
70 12.5 2.5 3.2 40.0 50.0

Table 3.4.1 Contours of constant output of the position sensor in X-
direction (Fl(x,y)).

The corresponding controus, Table 3.4.1, were obtained by setting the
values of attenuators 35, 36, and 09 to

p1 - 0.08 (Pot. 35, 36)
G.4.9
o2 = 1.00 (Pot. 09)

(Since C2 = 1.00 it was not used in the complete program).

y volts X volts
0 1.5 3.00 - L4.25 6.00 7.7
1 1.5 2.99 L.23 5.99 7.68
2 1.48 2.98 4.19 5.92 7.56
3 1.46 2.91 4,06 5.72 7.25
L 1.h42 2.74 3.86 5.38 6.87
5 1.35 2.58 3.60 5.0k 6.40
6 1.26 2.39 3.35 4.63 5.93
7 1.16 2.21 3.05 4.25 5.39
8 1.07 2.00 2.78 3.87 4.90

Table 3.4.2 The corresponding analog computer contours for the position
sensor in X direction.
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Similarly for the y direction the experimental values of the contours

are given in Table 3.4.3.

F2 ymils
X mils ‘ 0.25mv 0.5mv 10w 1.5mv 2.0mv
T T T
o 1 | 28 47.5 85 775
10 15 238 47.5 68.5 77.5
20 15.8 23.8 46.4 67.5 76.3
30 13.8 230 45,0 65.0 73.7
40 13.8 2.4 43.0 61.3 70.0
50 12.5 21.3 40.0 57.5 6b.o
60 12.5 19.2 36.7 52.5 57.5
70 11.8 17.5 32.5 45.0 | 513
80 , u2 150 | 2t | 5 BT

Table 3.4.3 Contours of constant output of the position sensor in Y-
direction (Fg(x1y))

The corresponding contours on the analog were obtained by setting attenu-

attenuators numbers 12, 22, and 3B to

D2 = 0.08 (Pot. 12 and 22)

(3.4.5)
ol =0.110 (Pot. 36)

X volts

-0 1.5 2.38 4.75 6.85 7.75
1 1.49 2.37 4.72 6.83 7.72
2 1.49 2.32 4.66 6.71 7.58
3 1.40 2.20 4.49 6.45 7.25
4 1.40 2.19 4.24 6.4 6.83
5 1.42 2.03 3.3 5.59 6.30
6 1.2 1.87 3.61 5.13 581
7 1.10 1.73 3.28 4.68 5.26
8 1.03 1.56 2.99 4.2 4.76

Table 3.5.3 Contours of constant output of the position sensor Y-
direction as obtained from the analog simulation.
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2) Generating Fl(x,y) and ,Fg(x,y)

Once the signal is obtained on amplifiers numbers 35 and 36 for x
and y directions respectively, it is fed into variable diode function
generators. The potentiometer settings of the variable diode function

generators are given in the following tables:

Output of V.D.F.G.

Fl(x,y) volts

| 20.5{40.75|+1.0|+1.5 |42.0 |22.5|x4.0[+4.3]|+5.5|+6.33

Input to V.D.F.G.

.5|%2.25|¥3.0|F4.25|F5.12|F6.0|F7.
Amp. 35 volts FL.5|72.25 25|%5.12 (.778.0|F9.0|F10.0

Table 3.6.4 V.D.F.G. Settings for position sensor in X direction.

Output of V.D.F.G.

Fg(x,y) (volt) 20.5 |21 b |22 4 |23.2 4.4 (25,4 |+6.8(48.4 [+10.4| +12.0

3

Input to V.D.F.G.
. Am. 3h{volt)

F.0/F2.0F3.0F4.0 %5.0 F5.0|¥7.0(¥8.0|F 9.0|¥F10.0
]

Table 3.7.5 V.D.F.G. Settings for position sensor in y direction.

Note that the signal in the y direction (Table 3.4.5) is twice the actual
signal (see Figure 2.4.5). This is done to increase the accuracy of the
V.D.F.G. In order to compensate for this deviation, the AC amplifiers
(see Figure 2.5.1) simulation (see Figure 3.5.1) are set on the same gain,
while on the ACV the gain in the y direction is twice that of the gain

in the X direction.

3.5 Position and Velocity Filter

The error signals generated by the position sensor are passed through
high gain amplifiers simulated by attenuators number 20 and 21, which are

set at
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AT2 = 0.4 (3.5.1)

to avoid overload of the sensitive lead lag lag filter. The "amplified"

signal is passed through a lead lag lag filter with the transfer function

a(s) = —+S (3.5.2)

- 2
(0.025+1)
At this point noise is being introduced to the system (for details, see
Section 3.9).
A cross coupling is added to the error signal by the rate gyro

potentiometers (Figure 2.3.1), making the error signal proportional to

m
Q

X + X-T(Cl)zy) + NX
(3.5.3)
= 7 4 +
E, =y +7+(oy) . N,

where

X + x - output of the lead lag lag filter

®y - rate gyro cross coupling
NX - noise in X channel

y + v - output of the lead lag lag filter

(DZX - rate gyro cross coupling

NY - noise in y direction.

The rate gyro cross coupling can be disconnected by function switches

numbers 1land 2. The program is shown in Figure 3.5.1.
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As can be seen from Figure 2.8.5, there is an electronic cross
coupling of both channels. Since it was felt that the fuel consumption
is not affected by this cross coupling, it was not simulated, but it
can be included very easily in the program if the following steps are
followed:
1. Connect the output of Amp. 20 (TR-48 #1)through an attenuator
to the input of amplifier 29/ (TR-48 # 1).

2. Connect the output of Anmp. 21 through an attenuator to the
input of Amp. 28 (TR-48 # 1).

3. Set the attenuators that have been used in steps dland 2 to
0.01.

The effect of this electronic cross coupling is shown in Figure 3.5.2.

3.6 Control Circuit

The control simulation is given in Figure 3.6.1. It consists of dead
band and P.W.P.F. valves which include two integrators with Schmitt trigger
reset feedback.

The dead band is determined by attenuators 24 and 39 for the Xx
channel and 29 and 14 for the y channel. The dead band on the vehicle
is equivalent to 12.5 mils. In order to achieve the equivalent dead band

(1.25 volt) , the attenuator's setting should be

0.0360

0.0407 (3.6.1)

Pot. 2k

Pot. 39

Pot. 29 = 0.03

Pot. 14 = 0.03
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Electronic cross coupling effect.
(a) With cross coupling

(b) No cross coupling

Note: Gravitational Force coincides with X direction.
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The P.W.P.F. characteristics are determined by four parameters:
1) [Integrator time constant determined by G, H, the input resistance
into the integrators (100 kQ or 10 kQ) and by the value of the feedback
capacitor determined by the "B plug".
2) Threshold of Schmitt trigger determined by O.l@l.
3) The width of the Schmitt trigger, which is determined by (91 - 9_2).
4)  The height of the pulse determined by L.

[Pulse Height] = [fo2
The value of L = 0.472 was kept constant, while all other parameters
were adjusted so that the characteristic of the simulated system will be
equal to that of the PW.P.F. on the ACV (Fig. 2.5.2).

The control jet pressure is simulated by attenuators 21 and 20.
Wren inertial coordinates are used the control jet pressure is simulated
by attenuators 02 and 17 (See Fig. 3.10.2). As it can be seen (Fig.
3.6.1) an arrangement of two diodes in parallel appears at several places.
This is done in order to eliminate small signals due to nonideal behavior
of the Schmitt trigger bang-bang circuit, especially when fed into
integrators.

As mentioned later (see Sec. 3.11), the width of the Schmitt trigger
hysteresis loop, the threshold of the Schmitt trigger and the width of
the Dead-band were adjusted by the digital computer, using the digital

x, respectively. In the following Figures

attenuators called X15 Xyr Xg

3.6.3 and 3.6.4, a calibration curves are given for recalculating the

control parameters from the values set by the digital computer. Observe
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that all attenuators which are associated with the control simulation

should be set equal to the setting shown in Table 3.10.2 column 2.

3.7 Fuel Consumption Measurement

The signals from both PW.P.F. are the control accelerations and are
proportional to the fuel consumption. The fuel consumption measurement (Fig. 3.7.1)
includes two absolute value circuits for both channels and an integrator.
Six diodes are used to increase the accuracy of the measurement system

(see Figure 3.7.2)

3.8 Maximum Range Measurement

The problem of finding the gain setting of the PW.P.F. control which
corresponds to minimum fuel consumption is a state constrained problem.
Clearly, if one does not impose any constraints on the range of :x and
y, the problem is trivial, since by not controlling the plant the fuel
consumption is minimized. Therefore, it is necessary to measure the
maximum range. The maximum range simulation is shown in Figure 3.8.1.
Since most of the amplifiers of both computers were used, It was not

possible to construct an absolute value circuit; instead, it was assumed

that
!Xmlni = IXmaxl
(3.8.1)
lyminl = |ymax‘
where
“min =X = Xmax
(3.8.2)
ymin =y = ymax
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Figure 3.7.2. Effect of a small dead zone generated by two diodes on
fuel consumption integration.
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which is true when the vehicle is rotating. In cases-where the vehicle

does not rotate, it is always possible to adjust (Equation 3.2.1) so

that

X
I

Max |x|

(3.8.3)
= Mx |y|

e
[

max

Attenuators 07, 08 were set equal to 1.0.

3.9 Noise Generators and Noise Analyzer

In this simulation two electronic noise generators, E.A.I. Model 2014,
were used. The output spectrum is uniform (¥ 0.1 db) from 0 to 35 cps.
Output falls off rapidly above 40 cps. The maximum output level is
15 volts rms. More details can be found in PACE Catalog. [Reference 5].
The two noise filters and noise analyzers are identical and are shown in
Figure 3.9.1. It includes attenuators 35 and 36 for reducing the noise

level and then the noise is passed through a filter

1

s) =——1 (3.9.1)
o) (0.01s+1)

As the order of the filter is increased, the influence of the nonuniform
portion of the generator is diminished.

The noise level which passes the fourth order filter is very low,
and to increase the accuracy of the analyzer it is passed through
amplifiers 40 and 41, then it is fed into an absolute value circuit and
integrated. In order to increase the integration time and yet avoid the
overload of the analog amplifiers, the integrator initial value is set at

-10 volts.
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The noise spectrum is related to the output of these integrators

by
T 2
8
N=|— n(t)dt - 10 (3.9.2)
5007
0
3.10 Simulation Results
The complete simulation is shown in Figures 3.10.1 and 3.10.2. In

the first figure the equations of motion are given in body-fixed coordinates
(Equations 3.2.1) while in Figure 3.10.2 the equations of motion are given
ininertial coordinates. Two parameters are still to be identified:
1) The equivalent control jet pressure simulated by attenuators
02 and 17 (TR-48# 2) for inertial coordinates and attenuators
20 and 21 for the first simulation.

2) The complete correlation between fuel consumption of the
simulated vehicle and fuel consumption of the ACV. ,

These experiments were performed only on the system shown in Figure
3.10.2, therefore all calibration curves are valid for the attenuators
setting shown in column 3 of table 3.10.2.

In the first set of experiments the fuel consumption was measured as
a function of the control jet pressure (Attenuators 02 and 17) for zero
tilt. The results obtained are given in Figure 3.10.3.

The tangent to the fuel consumption curve which passes through the
origin is also included. Any tangent to the curve at points greater than

0.145 intersects the negative part of the fuel consumption axis. From

the experimental results (Figure 2.8.1, "Table Leveled") it is clear that
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FUEL CONSUMPTION (volts/min)

|
0 A 45 2 3 4 5

POT SETTING
(02and 17 on TR-48#2)

Figure 3.10.3. Gas consumption (volts/min) as a function of simulated
control jet pressure. Control jet pressure is simulated
by attenuators 02 and 17 for the simulation shown in
Figure 3.10.2_
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the intersection occurs at positive values of the fuel consumption axis.
Therefore the attenuator setting should be less than ~ 0.145.

In order to find the exact attenuator setting the trajectory of the
vehicle in the X direction was measured as a function of three different
attenuator settings (0.10, 0.15, 0.17) and four different table tilt
angles (1%, 2", 3", 4").

The trajectory is shown in Figure 3.10.4. The signals shown in
this figure are similar to those shown in Figures (2.8.4, 2.8.6), but
the amplitude of the signals was amplified 50 times and only one pair of
parabolas was included. For each attenuator setting there are four
pairs of parabolas. Each corresponds to a different table tilt angle,
starting with 4 arcsee. - the lower parabolas. By comparing the shape of
the different parabolas obtained in the simulation with that obtained in
the experiments it was found that an attenuator setting of 0.1 resulted

in the best correspondence between simulator and experiment.

Table Tilt

Theoretical Values a

: Calculated
Seconds | Eduivalent Values Second/ | Amplitude/50| 0t =

Pot. Setting (seconds) | Cycle mv Const.

1" 0.0188 0.98 2 92 2

2" 0.0375 1.7 1 40 2

3" 0.0565 2.54 0.4 28 2.1

4" 0.0752 3.4 0.5 20 2.0

Table 3.10.1 Trajectory of simulated vehicle in X direction (Control jet
attenuators set at 0.1, Figure 3.10.4 a)
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{a)

)

—

Figure 3.10.4. Vehicle trajectory in X direction. Since the gravita-
tional force coincides only with channel x, the
trajectory in vy direction is not affected and therefore

is not shown.

(a) Attenuators simulating control jet pressure are set
. at 0.1, and table tilt angle is 4, 2, 3, 4 arc sec.

(b) Attenuators simulating control jet pressure are set
at 0.15, and table tilt angle is 1, 2, 3, L arc sec.

(c) Attenuators simulatir_ulsj control jet pressure are set
at 0.17, and table tilt angle is 1,2, 3, 4 arc sec.

Signal is shown after amplification of 50 times. Complete program is
shown in Fig. 3.10.2.
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Figure 3.10.5. Fuel consumption as a function of different table tilts.
The corresponding attenuator settings are shown in
Table 3.10.1, Column 2. (Attenuators 20 and 21, TR-40 #2).
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The attenuator settings given in Column 2 were obtained by

volts

[Acceleration due to Table Tilt] = 0.188 (3.10.1)
sec arc sec
The calculated table tilts, column 3, were obtained from
a =—"— (3.10.2)
(t/2)
where
a = acceleration
£ = distance (column 5 Table 3.10.1)
t = second/cycle. (column 4 Table 3.10.1)

After finding the equivalent attenuator for the control jet simu-
lation, fuel consumption measurement at different table tilts was
performed. The results of that experiment are shown in Figure 3.10.5.
Again the corresponding attenuator settings were equal to those given
in Column 2, Table 3.10.1. The relation between fuel consumption obtained
from the simulation experiments and the actual gas consumption of the
vehicle is given in Figure 3.10.6. This completes the identification part
of the simulation..

In the following table a list of all attenuators used in the simula-
tion is given, together with its functions and its values. Since two
different programs were used (Figure 3.10.1 and 3.10.2) and the use of
"digital attenuators'™ (see Section 3.11) is optional, there are three
different columns with three different attenuator settings. Program

number one will refer always to the simulation given by Figure 3.10.1,
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TR-48 Pot No.

Sin and Co . Generators

2 [
z a6
2 07
2 10
2 1
2 12
2 13

Vehicle Dy amics

2 00

2 oL

2 15

2 16

2 04x

2 31

2 03
2 18
2 194
2 30

Gravitational Force

2 02
2 17
2 20
2 2

2 35
2 36
2 22
2 23
a 32
2 33

Position Sensor

1 35
1 37
1 22
1 12
1 09+
1 36

Pot. Settings Function TR-48 Pot No. Pot. Setrings Function
Program  Migital Program "Program  Digital Program
No. 1 Connected No. 2 No. 1 Connected Xo. 2
LI
Position and Velocity Filter
1 20 0.4 — 0.4 T amplifier in x direction
~z_ initial condition of
0.0 — 0.0 ° 1 21 0.4 — 0.4 T amplifier in y direction
A sin (wt)
1 o] 0.5 s 05 ;
2, Initial condition of r} wl: of ;nv 1ag filter
cf x channe
0.1 — 1.0 A cos (wt) 1 o 0.5 - 05
For program 1 A =1
For progran 2 A = F_ = ! 0z 05 - 0.5 :} pole of the lag filter
height of the PWPF pulse 1 03 05 — 05 cf 'y chamnel
: 2
Variable > Variable w" Frequency of oscillation 1 15 Variable - Variable ) Gyro coupling
Variable variable | b= 1/ 1 16 | variable Variable W Gsro coupling
For program 1, a was us_ed 1 10 0.05 — 0.05 A2 Noise level ih x c¢bannel
Varisble o1 for adjusting the amplitude
of cos(wt) 1 11 0.06 - 0.06 A2 Noise level in ¥ channel
For Program 2 l/Fc
Variable s 0.1 For program 1 w/10
For program 2 1/FP
Variable — 0.1 For ‘program 1 w/10 1 24 0.0366 - 0.0366 K}uetermjne Dead Band width
For program 2 1/F X fn x channel
e 1 39 0.0407 — 0.0407
1 29 003 - 0.03 K}dpll:rmin(‘ Dead Band widih
. 1 14 0.03 — 0.03 K fin v channcl
0.0 - 0.0 -%, Tnitial condition
0.0 - 0.0 x, Initial condition : = 0 525 - 0525 G}Dcterminz‘ the tnput value
vhi E E ti T
" P 0.412 - 0.2 G { #hich causes saturation o
0.0 — 0.0 ~3, Initial condition the P.W.P.F.
0.0 — 0.0 y_ 1Initial condition 2 37 0.115 - 0.115 H] Determine the reset signal
° H{for the P.¥.P.F.
Variable — Not Used 2w/B eross coupling 1 27 0.115 — 0.115
Variable . Not Used 20/8 cross coupling 2 a7 0.113 1.0 0.113 8,70, width of hysteresis Toop
For program 1 ,ﬁ/s 1 30 0.113 1.0 0.113 0,5, width of hysteresis loop
Variable — 1.0 For program 2 1/8 Scaling
Factor 2 34 0.472 - 0,472 1] Pulse height in x
L channel
2 19 0.472 — 0.472
1 19 0.472 - 0.472 L}Pulsc height in y
hannel
Variable s 1.0 For program 1 w2 N 2 0.472 o 0.472 L | channe.
For program 2 1/8 Scaling -
Factor -
1.0 . Not use 1/8 Scaling Factor
1.0 . Not use 1/p Sealing Factor 2 45 0.10 0.14 0.10 0-12) } surestold voltage
hannel
2 a6 010 0.14 0.10 0.0 [ *°
1 14 0.10 0.14 0.10 0101} rpresnotd voltage
Variable .« Not use Fyfs for x direction N 18 010 0.14 0.10 0.1p, | ¥ channel
Variable > Not - ic F /p for y direction
Fuel Consumption
Not used 0.1 _—
0.1 F, :
Not used s variabl d 2 20 017 - Not use P/ control jet pressurc
2z 2L 0.17 — Not use B/B control jet pressure
zer =
2 02 Not used — 0.1 P/3 control jet pressure
Variable - Variabl Al noise level in x channel 2 17 Not used — 01 P/@ control jet pressure
Variable > Vartabl AL noise level in y channel 2 48 05 — 05 0.54) eorute value cireuit
05 - 05 B | for absolute vaiue 2 50 1.0 - 1.0 1.0y) Tor X channel
28 { unit in x channel
o - 10 2z 32 |10 b 1.0 107 ypsolute value circuis
1.0 - 1.0 2| for absolute value 2 2 [ os - 05 0,5¢] for ¥ channel
B funit in y channel
o8 - 05 2 24 | varisble Not use CRX cross effect jet
2 25 Variable - Not use CRY cross effect jet
. Control Relay Circuits
0.8 - 0.08 }m adjusting the breaking ————
oint in x channel
0.08 A 0.08 ? 2 30 | Notused > 05
B N & 5 th trol
0-08 Ll 0.08 p2 adjusting the breaking 2 3L | Not used 05 Transtorning the comiro
t iny charnel signal ody-fixe
0.08 - 0.08 poin N a3 | Not used o 05 coordinates to inertial
coordinates .
1.00 - 1.00 2 contour shape x channel 1 23 Yot used — 0.5
011 - 0.11 @l contour shape y channel
igital Control Relays
1 13 Not used 0.5 Not use 01 | Relay setting for
digital signais
1 25 Not used 0.5 Not us¢
3g+x+| Not used -0.2 Wot used T2 determine time needed
for all transient to decay
o6+* | Not used 0.08 Not used T1 rate of time change for
operating mode
ose«| Not used 0.6 Not used T2 rate of time change for
reset mode
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These attenuators should be grounded.
*%k

With this setting the operating time is 21 sec, but the fuel consump-

tion is measured only after 8 sec. thus for,a period of 13 sec.

Table 3.10.2. Attenuator setting of the simulation

Column 1 Setting for body-fixed coordinates
Column 2 Digital connections

Column 3 Setting for inertial fixed coordinates

For the setting of attenuators O7 and 08 (TR-484#1) see Sec. 3.8.
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while program two refers to the simulation given by Figure 3.10.2. The
symbol («—) means that when using the digital the setting can be either
that of Program 1if i1t is desired to work with body-fixed coordinates,
or the setting of Program 2 if it is desired to simulate the vehicle in
inertial frame.

When the settings given in columns 1l or 3 are used, the program
will simulate the existing vehicle with the existing control parameters.
If one uses “digital attenuators’’ the control law of the simulation does
not simulate the present PW.P.F. control installed on the A.C.V.

Some attenuator are set at 0.0. These attenuators were used only

for static check of the simulation.

3.11 Input-Output Signals

With the present facilities it is possible to convert to digital
numbers six different analog outputs. The patching for analog output
readings is shown in Figure 3.11.1. The first input is coming from the
1620 control out and is used for checking the multiverter. The signal
on this input equals -6.6 volts. If a digital output number 1 of the
multiverter is = 7 volts or < 6 volts, the digital computer will discard
the present data read from the multiverter.

The analog computer receives two different inputs:

I) Attenuator setting of the simulated vehicle control;

11) Signals for starting, holding, and resetting the analog.
Attenuator setting is done by using the six channels of the D/A Converter.
The patching of this part of the program is shown in Figure 3.11.2. The

D/A converter can be used in two different ways, as can be seen from the
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Fokok * 42 FUEL
TRUNK 4 TR-4871 43 CONSUMPTION

TRUNK 1" FR-48% %] RANGE OF X
okkk #
TRUNK 2 TR-48% RANGE OF Y

MULTIVERTER INPUTS TRUNK 12 TR—48#2 SPECTRUM OF

i

NOISE IN Y CHANNEL

e an# SPECTRUM OF

1620 CONTROL OUT

*+THE SIGNAL ON THIS INPUT IS FOR CHECKING PURPOSES.

Figure 3.11.1. Digital setting of attenuators. D/A converter patching
(subprogram RINO) .
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input switch position. If the switch is raised (as switches 3 and 4),
the output signal leaving the unit is generated in the unit. If the
switch is lowered, the internal power supply is disconnected from that
channel and the channel is used as a regular attenuator for signals com-
ing from the analog (inputs 4, 2, 5, 6). Since the internal signal is
t2Lh.7 volts, while the analog signals are at most ¥10 volts, the range
of "digital attenuator" settings for analog signals (inputs 1, 2, 5, and
6) is only between 0.0-0.393, while for internal signals (positions 3
and 4) the setting is between 0.0-1.0. (0.393 = 10/24.7)

Since only three parameters of the control law can be adjusted by
the digital computers, while the controller has a few more adjustable
parameters, it was felt unnecessary to include the "digital attenuators™”
in the complete simulation description given by Figures 3.10.1 and 3.10.2,
however, by using both Figures 3.10.1 or 3.10.2 and Figure 3.11.2 it can
be easily transplanted intothe general simulation. In Figure 3.10.1 a
signal is passed directly from amplifier 26 to attenuator 47 (see Schmitt
trigger for X channel, middle right side of Figure 3.10.1). |If
(0, - 92) is to be adjusted by the digital computer, the signal leaving
amplifier 26 is passed first through the "digital attenuator' No. 1 and
back to attenuator 47. Similarly, all other signals can be passed
through the corresponding "digital attenuators™. Thus, with twelve minor
changes (six inputs and six outputs) the simulation can be switched from
"pure analog" simulation which employs only analog attenuators, to
"analog-digital" simulation, in which six analog attenuators were replaced

by "digital attenuators™.
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By transplanting the "digital attenuators" into the simulation, it
was possible to adjust automatically three different parameters:
a) 91 - the threshold voltage of the Schmitt trigger;

b) ©,-6, - the width of the Schmitt trigger hysteresis loop;

1"
c) Dead-zone.
Actually, the dead zone was kept constant since the setting of attenuators
24, 39, 16, and 29 was kept constant; but the amplification of the signal
entering the dead zone component was adjusted by the "digital attenuators"
5 and 6. Therefore, changing that parameter changed the dead-zone and
also, indirectly, the saturation voltage of the P.W.P.F.
Since by using attenuators the signal is attenuated and not
amplified, two amplifiers were added (04 and 05 for X channel and 02
and 15 for y channel) to the attenuated signal so the range of amplifi-
cation/attenuation obtained by this arrangement was 0.0-3.93.

The digital computer controls the mode of analog computer operation

through the 1620 control out. With the use of this unit it was possible

Control Analog Computer
Unit 10 11 40 41 Mode of Operation
No Yes No Yes Hold
No Yes Yes No Reset *
Logical Signal
Yes No Yes No Hold
Yes No No Yes Operate *
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-26 VOLTS —e—w_

| _OPERATE
g—‘—’" RELRATORS, EX.
FORGINTEGRATERCEST

COMP. ON TR-48+#1|

' QN +10 VOLTS

TRUNK 1I*>TR-48%]

TO MULTIVERTER INPUT
NO.1

TRUNK 12** TR ~43%2

1620 CONTROL OUT

COMP.
|
- -26\aTs L
« THE SIGNALS ON INTEGRATOR (4 TR-48%1 ARE REVERSED. 1/—'——""10 RESET RELAYS
«+ THE SIGNALS ON THESE TERMINALS ARE GENERATED BY L‘—"‘ OF ALL INTEGRATORS
THE DIGITAL COMPUTER SUBPROGRAMS! MODE!, MODEO, EXCEPT INTEGRATOR

RESET AND COMP. 14* ON TR-48#1

Figure 3.11.3. Use of digital control out logic for operating the analog
computer (see Table 3.11.1).
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The patching of this control unit is, shown in Figure 3.11.3.

Three other control units are shown in Figure 3.11.4. Integrators
03 and 14 are used as clocks. Integrator 03 determines the length of
time in which the analog is in operating mode, while integrator 14 deter-
mines reset time. Moreover, since the fuel consumption is to be measured
only when the vehicle is in its limit-cycle, i.e., all the effects of
initial conditions have been decayed, it is necessary to divide the
"operating time"™ into two intervals :

a) time necessary for reaching "equilibrium" trajectory;

b) time necessary for measuring the fuel consumption.

This division was achieved by connecting the output of the fuel
consumption integrator (42/43) with its summing junction thus grounding

this unit through a relay. The switching point of the relay depends

on the setting of attenuator 38.



~10 VOLTS <@' B ‘
|
o6 [} ] b
+10 VOLTS 03 L |
' |
38 25
10 VOLTS (2 = COMP. g
-10 VOLTS —
| INDICATOR
NO

L TRUNK 3"———=(90)

—————TRUNK 1355———=(31)

05
+10 VOLTS 14

-10 VOLTS

Figure 3.11.4. Analog clocks, determine length of operating mode, reset
mode, and time necessary for reaching the limit cycle.
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CHAPTER IV

DIGITAL CONTROL AND OPTIMIZATION

4.1 Introduction

The optimization of the plant control parameters was done by slaving
the two analogs to a 1620 IBM Digital computer. The digital program
consists of four parts:

1)  The main program, used mainly for input/output purposes;

2) "DIRECT" - Maximization subprogram;

3) "CHECK" - It checks whether the values of the parameters

adjusted by "DIRECT" are within the range of the D/A converter;

L) "EVAL1" - This subprogram controls the analog computer through

the subprograms WINO, RINO, MODE1l, MODEO, RESET, COMP, WAIT1,
WAITO, WETO, WSETI.

Sometimes it is desired not to minimize the fuel consumption, but
rather to find the values of the fuel consumption functional near a given
point. For this reason a second subprogram named “DIRECT" was written.
If it is desired to perform the above operation, one simply replaces the
maximization* subprogram called "DIRECT" with the functional evaluator
subprogram called "DIRECT", hoppingthat confusion can still be avoided

and some saving of time can be achieved.

4.2 The Program

The schematics of the main program are shown in Figure 4.2.1. It

can be seen that the program is used only for establishing the necessary

"The fuel consumption as measured by the analog is represented by negative
-voltage, and in order to minimize the fuel consumption it is necessary
to maximize the output ofthefuel consumption integrator.
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output/input relations with the computer.

given on punched cards following this order:

1)
2)

3)

4)

6,7,8)

9,10)

11)

By following the instructions typed by the typewriter,

N - Number of variables

EPSI - Smallest step size

x(1) - First parameter: Determine the
width of the Schmitt trigger

x(2) - Second adjustable parameter:
Determine the threshold of the Schmitt
trigger

x(3) - Third parameter: Determine the
dead-band width and indirectly the
P.W.P.F. saturation voltage

ROL(1), ROL(2), ROL(3) - Initial Step Size
RANGX, RANGY - Maximum travelling distance
allowed

K(1) - Step size reduction factor [Step

size n+1] = [K(i)/(K(i) + n)IROL(1i)

The input data should be

Format 11
Format E£9.2

Format E9.2

Format E9.2

Format E9.2

Format E9.2

Format E9.2

Format Il

tion can be carried without the knowledge of the algorithm.

When the optimum for a given angular velocity,

table tilt is found, the computer will be at WAIT1, waiting for the next

noise level,

and

optimization which will start after reading the following inputs:

1,2,3)

4)

ROL(1), ROL(2), ROL(3) - Initial step size

K(1) - Step reduction factor
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All other parameters remain unchanged, and the adjustable parameters

[x(1), x(2), x(3)] have the value of the previous minimum. The listing

of the main program is given in Appendix A.

4.3 Direct-Search

Subprogram DIRECT will search for a maximum of the functional defined

by the system shown in Figure 3.10.1 or 3.10.2, subject to state constraints

(see Section 3.8)

|x | = rANGX

max (431)
Y | = RANGY

max

To define the point found by the subprogram Direct it is necessary

to introduce the following definitions:

tl+T

I

f(tl)T’Xl’XQ’XB):J [Input to fuel consumption integrator] dw
“1 (4.3.2)

Since there is always unavoidable noise in the measurement of
f(tl)T’X) and an additional noise is introduced artificially into the

system, it was implicitly assumed that

F(1,x) = E {f(tl,'r,x)} f P(f) f(tl,T,x) ar (4.3.3)

exists for all feasible x and all finite -.
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P(f) is the probability density function of the values of

f(tl,T,x), It will be assumed that

+CO

F(t,x) = lim %Th/j f(tl,T,ﬁ) dt, (4.3.4)

T —
% -Co

Let D be a domain defined by the system equations and the system
constraints, so that whenever (Xl’XE’XS) e D, the system equations,
together with the state constraints, hold.

Let

¥ % %
Bi[(xl,xg,x5>, Si] i=1,2,3 Si >0 (4.3.5)

be a closed interval of length Si parallel to the X, axis with
o kd % _ oo .
X1,%5%z) @S its midpoint. et

& = [1,0,0], 22 = [0,1,0], Lz = [0,0,1] (4'3'6)

be three independent unit vectors.

* %
The subprogram Direct will find a feasible point (xl’xg’xs) i.e.,
a point which satisfies Equation 4.3.1 such that
N *
F(t,x ) 2 F(r,x + giei) for all i =1,2,3 (4.3.7)
and for all gl given by
* ¥ X * X X
<8, if Bi[<X1’X2’X5)’ai]'HD # {Xl,xg,xs]
|§i| = and is not empty for some 8, >0 (4.3.8)

Q0 . Elsewhere



Since the system is noisy, a few modifications had to be done before

using the regular Direct search [Reference 6].

D The step size is not halved after each iteration; instead, the

where

step size reduction factor is given by

ROL(T) = [K(I)/(K(1) + n)IROL(I) (4.3.9)

th

ROJ.(I)n - Step size in x(I) direction after the n iteration;

K(I) - Step size reduction factor

ROL(I) - Initial step size.

2)

The total number of iterations done by the subprogram Direct
depends upon the initial and final step size and on K(I).
Each iteration consists of at least twelve fuel consumption

Thfhel

measurements. Let f('}sni) be the outcome of the i
consumption measurement done during the nth iteration, and
let ?n(%) be the reference value stored in the computer when

starting the nJCh iteration. If

'fn (y) > f(gﬁi) for some i (4.3.10)

the value of f()\gnl.) is discarded and En(x) remains unchanged, but if

£ < 4.3,
£ (x) = £z ;) (4.3.11)
the computer will evaluate
3
= = = = )4'-5.12
£(x) Z P08, 1410/ Bni = Bnjiee T Enyies T Eng ¢ )
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and will set a nrew reference value
T (x) = T(x) (4.3.13)

This arrangement is done in order to avoid fuel-consumption reference

values ; (y) which, because of its stochastic nature, are far from
n'~

. . th . .
Moreover, if during the n iteration
£ () =z £(x,;) for all i (4.3.14)
the computer will set a new reference value equal to
3
R r—l . -
fn(l) 224 f(;[,l)/?n y; =y forall i (4.3.15)
i=1

Therefore, after each iteration the value of ?n is recalculated. These
two midifications made possible the use of Direct search for the present
program.

A flow diagram which shows the main features of the search is shown
in Figure 4.3.1. It should be noted that the first fuel consumption
evaluation should be feasible, i.e., satisfies the constraints of Equation
4.3.1. This can be achieved by either setting attenuators 07 and 08 at
a proper value, or by making a clever choice of RANGX RANGY, e.g., start-
ing the program once for arbitrary values of RANGX RANGY and finding the
values of ALLOWX, ALLOWY which are typed after the first functional

evaluation and then setting
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Figure 4.3.1. Schematics of the subprogram DIRECT
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a-ALLOWX = RANGX
az1l (%.3.16)
a-ALLOWY = RANGY

and starting the program again. Note also that if switch one is on,
f(}f'ni) will be typed after almost each evaluation.

The suggested value of the minimum step size EPSI, is 0.1, which
corresponds to attenuator setting difference of (0.1 - 0.393) (see
Section 3.11). The maximum step size is 9.99/2 since the maximum input
to the D/A converter is 9.99 volts. The complete listing of subprogram
DIRECT is given in Appendix A.

In order to use the second "DIRECT" subprogram (see Sec. 4.1) one
should replace the maximization subprogram "DIRECT" described above with
the functional evaluator subprogram called "DIRECT". Ore should also

delete subprogram "CHECK", since it is not used by the functional evaluator

subprogram. The listing ofthissubprogram is given in Appendix A.

4.4 Subprogram GHEXK

The range of the D/A converter is -9.99 to +9.99 volts. Whenever
the value written on the D/IA converter exceeds these values, the D/A
output is not correct. Moreover, at the present set-up all adjustable
parameters of the P.W.P_F. are positive, thus the range of these param-
eters is 0.00-9.99. The subprogram CHECK will check the values to be
written on the converter and adjust them, according to the following
scheme: any value higher than 10 volts will be reduced to 9.99 volts,

and any value less than zero will be increased to 0.00.
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Experimentally, it was found that if =x(3) exceeds 9, amplifiers
13, 12, 32, and 33 overload, Figure 3.11.2. Therefore, this parameter
is restricted to the range 0.00-8.99.

Whenever a parameter value is adjusted by subprogram check, the

typewriter will type the corresponding change. FOr more details, see

the complete listing given in Appendix A.

4.5 Subprogram EVALI

The main features of this subprogram are shown in Figure 4.5.1.
This subprogram controls the analog operation mode through 1620 control
out and Indicators 90, 91. This subprogram adjusts the parameters using
WINO subprogram and reads the results of the simulation using RINO sub-

program. The complete listing of the subprogram is given in Appendix A.



ON oob 2 w1

T4ME=N1

=3l

1300W
TIve

S3A

(1)) omIY

TTIAT wexBoxdgns 2y3 JO SOTRBWAYDS T G° 1 2INIJT A

TANNYHI. ONOD3S NI WNHLI3dS 3SION = ALJ3dS
TIANNYHO 3NO NI WNYL03dS 3SION = X103dS
SHILINVHVY 4O NOISNIWIQ =1

‘4°d'W'd 40 SHILINVYV =X

3LVLS GNODIS S0 INIVA WNWIXVIN = XYWA
A4VLS 3INO 40 3NTVA WNWIXYI = XVINX
TIYNOILONNG 4O 3NTVA =4

NENL3Y

140 =1P

avd

OLivm

V0 [ g3a

ON

{9)02A103dS
{€)0=X123dS
(F)O=XYWA |———>
(€)0=XVHX
(2)0=4d
((1)J)ONIY ‘'dNOD 0300W :Ummuoz..__yz«s
v VYo Avo YD

(£)X=(9)901VNV= (S)90TVNY
TLYM TV OLISK | o] (2)X=(4190T9NY = (£)90TVNY
(1)X=(2190TYNV= (1) 90TYNY

4352y L3sM o=Ir 1uvLs

97



CHAPTER V

OPTIMIZATION STUDIES AND RESULTS

5.1 Introduction

The results obtained from the simulation experiments are given in
the following sections.

Most of the measurements were performed with a nonrotating vehicle.
As was already mentioned, two different simulations exist: a) body-
fixed coordinates; b) inertial coordinates. Generally the two programs
are almost identical in their behavior, but there is a difference in the
fuel consumption measurement; because a) it is very difficult to adjust
the control jet pressure, and b) there exist some minor differences
between the two programs, as can be seen by comparing Figure 3.2.1 with
Figure 3.2.2. However, these differences will not affect the shape of
the fuel consumption function (compare Figure 5.2.2 with Figure 5.2.4)
and therefore will not affect the optimal value of the control parameters.
The results shown in Table 5.2.1 and Figures 5.2.1, 5.2.2, and 5.2.3 were
obtained from the simulation shown in Figure 3.10.1 (body-fixed coordinates).
While the results shown in Figure 5.2.4 were obtained from the second
simulation.

The main underlying idea of the optimization was the studying of the
shape of the fuel consumption functional and its dependence on the control

parameters for different table tilts, noise levels, and angular velocities.

5.2 Results
The results of the optimization studies for different table tilts

and angular velocities are given in Table 5.2.1. The fuel consumption
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was measured during equal time intervals. But, the length of the
interval was not measured accurately (approximately 18 see). Therefore,
fuel consumption measurements given in Table 5.2.1 can be compared with
each other but not with a different set of experiments.

To convert the optimal attenuator settings found by the optimization
to optimal PW.P.F. parameters:

1) Width of the Schmitt trigger hysteresis (See Figure 3.6.3)

2)  Threshold of Schmitt trigger (see Figure 3.6.4) (5.2.1)

3) [Dead-band width] = l2.5/(x5/10) mils

where 12.5 mils = Dead-band width when (x3/lO) 393 = 1.0

3.93

Dead-band attenuator amplification (see Section 3.11)

Observe that for some experiments the width of the hysteresis loop is
bigger than the threshold of the Schmitt trigger.

In all above optimization studies

RANGX = RANGY = 1.8 volts (5.2.2)

From the results obtained (Table 5.2.1) it was not possible to
deduce any clear conclusions concerning the dependence of the fuel con-
sumption on the control parameters; therefore, it was felt that the reason
for that is due to the fact that near the optimum the functional may be
almost constant. In the remaining experiments this hypothesis was
checked.

The dependence of the fuel consumption functional on the control
parameters is shown in Figure 5.2.1. Table tilt was 1 arc sec and in
each set of: experiments only one parameter was changed, while the value

of the remaining two parameters was kept constant and equal to the value

99



sutsn)

0

o)

oaw\amh ™

‘20

ozTs dejs UMWTUTW (S93BUTPIOOD paxXTI-£Lpoq

+ 9074 To0TaA JeTndue @D s9TTY 9TdB} JUSISIITP J0J gaaqoueged Toxquoo TBWIld) T 2 § 9TQBL

HO"
09
98
8.

991

T°6T

91T

ST

pusg
pesd

89 e'T
9°4 G'T
U GL'T
g'z g2
0'T LT
LT ST'T
9°¢ 08°T
S1TOA S3TOA
Hm m®|H®
sI9qouBIEg

Toxquo) Tew3do

88" L
0¢*§
ol ¢
60" 1
6T
6T e
l ¢

g0+
“x

12 6
028
62°9
636
of" H
06" %
€9°9

coF

%%

HG' T
66°T
192
LA
19°2
96" ¢
962

20 ¥
HN

Sutqgeg TewIZdQ

671
A
7°eT
616
L6
o' 9
lg-¢

gﬁa\mpﬁo>
uvotTadumsuo) Teng

9'0 92 0
Gh'o  gn o
09°0 €8 0
960 ¢L O
2T S9 T
HI'T en T
96°0 L6 0
S3TOA  SATOA
XYHK  XVIX

T

098 2JB

(T wmTo) T°0T°¢
3TdeL) 3TTL STABL

100



obtained in the corresponding optimization experiment. (Table 5.2.1,
first row). Clearly, with this choice of parameters, the fuel consumption
functional is almost constant over the investigated range. The same
behavior was observed when a somewhat different set of control variables
was chosen and the fuel consumption was measured at 1 arcsec. and 3 arc-
sec.table tilts (Figure 5.2.2). However, when a set of different param-
eters was chosen (Figure 5.2.3) the shape was radically changed, which
indicates again that only in a narrow range the fuel consumption functional
depends strongly on the control parameters while near the optimum it is
almost constant.

The results shown in Figure 5.2.1, 5.2.2 and 5.2.3 and Table 5.2.1
were obtained from the system shown in Figure 3.10.1 (body-fixed
coordinates), while the results shown in Figure 5.2.4 were obtained from
the system shown in Figure 3.10.2. In spite of that, the shape of the
graphs shown in Figure 5.2.4 (without noise) is almost identical with the
graphs shown in Figure 5.2.2 (table tilt 3 arc sec), and there is only
a difference in the fuel consumption (~ 30%).

The effect of noise on the system is shown in Figure 5.2.4. The
table tilt for these experiments was 3 arcsec. The different signal to
noise value can be deduced from the shape of the trajectories shown in

the right corner of Figure 5.2.4.

5.3 Conclusions
It was found that the fuel consumption is almost constant over a
wide range. It seems that any choice of control parameters within this

range will.be adequate, depending, of course, on the a priori constraints

101



- *(T-0T°'s °2an8t1d £q umoys weysds ay3 uo powIo JIad
squswtaadxy) ‘ydead oYl uo peyBOTPUT oJe sxajsweded TewTado syjy JO onTea oYL 098 oJe T ST 1TT3 STABRL

, UapTtM pueg pesd o9U3 ATuo JuTduBy) on

28eqToA PTOYSDJIU] I98BTJI-32TUUDS sU3 ATuo Sutdusy) AQV

sTsaxeqsAy I883TI) 33TUYOS JO UIPTA 8y} ATUO JUTIuey) Amv
saojeuwesed TOJQUOD QUSLSJITP °*sAa uoTtqdumsuoo Teng *T:2°§ 9aM3T4

(;-shw) (GNvE-av3a) /1

n
[l
0g€'0 G20 020 gsl'o I'o S00 o L
T T T T - T « T 0 o
g
WNILJO SY ONNO4 3NTVA 3HL= =800 402 &
<
000 o oW oWoWo Wl o g M )
0000 0@ 5 OO C : ° 2 >3 40y =}
o ° hon 1 =% -'p z
. 1 0 ;e 12
SIoA 9'c= g § 109 &
408 T

(SHoA) 3OVLTIOA QTIOHSIMHL HIOOML LIINHOS _m
o8 0L (0)°] o¢ o'd oe 0¢ o'l o]

i t 1 1 1 1 1 _«_ 1 T T T T T 0

YNILDO SV GNNO4 3NTVA 3HL=9¢

()

(ui/sior) NOILJWNSNOD 13Nd

woa ¢l =%9-'g .
siw 9°1 = GNVE-av3a 109
Jdog
{SH0A) SISTHIALSAH H390IML LLINHOS 40 HIQIM (% -'g)
o'v g'e o¢ §'2 0z sl ol §0 o -
T T T T e T T T 0 m
m
IYWILDO SY ONNO4 INTVA 3HL=8'I loz m
e
00° oo e Qo o 000Q000a Jov 3
[0 . 0 o
o 00°g0o"" ol IO \P-.:qoo W (0

°o00©® : Joo =
00 M.
siiw 911 = ONVE—QV3a . o8 m
sion 9°¢ =g Ex

—00t

102



8, = I voit _ TABLE TILT 3orcsec g
18.0 DEAD-BANDS 164mils .
_ 160
i 14.4d-
120[
o
@@ &£ 100"
g 0.0-
8 !
d 6.0- \ .
5 A 0900 4
- S 0,090
“ 40 Moot orgrsersFt S doe T ° WY e TABLE TILT larcsec
20|
12.0¢
"g 10.0 Ugn QQQOOOUQU CRCACAA% oty .l
2 80r 8- 8,=1.7 volt
) é &.or
< 288800
2 40kgye-sacsevergovyionsovess
§ 2.0t
-
%J O i 1 1 1 1 Il 1 1 jl 1 1 L 1 1 L J
i 0 10 20 30 40 50 60 0 80
Hl
= 2.0k 6= 1 volt TABLE TILT 3 arcsec
€2 8,-8,=1.7volt /
~ [o] 0RO o
%loo_ 00nn00000An AL O Q@ = 00009‘9& o -O-O-0
g s.of
) & 6.0 /TABLE TILT | arcsec
g 4.0} 209 33-.:-.‘-:--33'--"-"....'.":“'
|
g 2.0-/
o ly ) 1 1 1 i J
0 .05 0T 0.5 0.20 0.25 0.30

1/{DEAD~BAND} (mils™)

Figure 5.2.2. Fuel consumption vs. different control parameters and two
different table tilts.

(a) Changing only the width of Schmitt trigger hysteresis
(b) Changing only the Schmitt-trigger threshold voltage
(c¢) Changing only the Dead Band width

(Experiments performed on the system shown by Figure 3.10.1)
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on the state variables X and y. However, it was felt that the informa-
tion collected is not enough. It is necessary to check the behavior of
the vehicle for higher angular velocities and different signal-noise
ratios. And last but, not least to take longer measurements of fuel

consumption during the optimization.
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APPENDIX A

MAIN PROGRAM

DIMENSION X(5),R01(5) ,K(3)

FORMAT (~9.2)

FORMAT (38HPUSH RS BUTTON OF ANALOG TR-48 NOS.1,2)

FORMAT (60HUPON PUSHING BRANCH INDICATOR 91 THE OPTIMIZATION WILL
1START)

FORMAT (8OHFUEL CONSUMPTION  RANGEX RANGEY TETAL TETAL-
1TETA2 SPECTX SPECTY)

FORMAT (80HL

1 NOISE LEVEL
FORMAT(4H JF8.3,6H ,F8.3,2H ,¥8.3,1H F8.3,3H ,F8.3,
16H ,F8.3,2H ,F8.3)

FORMAT (11)
FORMAT (61HSET POT. ON TR-48 NOS. 1,2 AND PUSH RS BUTTON CF BOTH A

INALOGS )
FORMAT (1H1/48H DEAD ZONE)
FORMAT (39H F8.3)

FORMAT ( 50HREAD THROUGH CARD READER THE FOLLOWING PARAMETERS )
FORMAT( 66H1)N=NUMBER OF ADJUSTABLE PARAMETERS 2) EPSI=THE SMALLES
1T STEP SIZE)

FORMAT(32H3) X(1),X(2),%X(3)=STARTING POINT)
FORMAT(L40HA4 )RO1(1),R01(2),R01(3)=INITIAL STEP SIZE)
FORMAT( 44H5 )RANGX, RANGY =CONSTRAINTS ON STATE VARIABLES)
FORMAT(38H6 )K(1),K(2) ,K(3)=STEP REDUCTION FACTOR)
FORMAT(55HTHE STEP SIZE 1S REDUCED BY K(1)/(XK(I)+(ITERATION NO.g))
FORMAT( 53HFORMAT OF ALL INTEGERS IS I1 AND OF ALL REALS IS EJ.2
M6

DIMENSION ANALOG(6)
DO 221 1=1,6
ANALOG(1)=0.0
DO 222 K5=1,k4
CALL WINO(ANALOG(1))
CONTINUE

CALL coMP
CALL MODE1
TYPE §

TYPE 6

CALL WAITL
TYPE 15

TYPE 16

TYPE 17

TYPE 18

TYPE 19

TYPE 20

TYPE 21

TYPE 22

READ 9,N

TYPE 9,N
“READ L4 ,EPSI
TYPE 4,EPSI
READ k4,x(1)
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47
48
49
50
51
50
53
55
57
58

61
62
63
65
67
69
70
71
72
74

76

79
80
81
83
85
87

1

TYPE 4,x(1)
READ 4,x(2)
TYPE 4,%x(2)
READ u4,%x(3)
TYPE 4,%x(3)
READ 4,R01(1)
TYPE L4,R01(1)
READ L4,R01(2)
TYPE 4,R01(2)
READ 4,R01(3)
TYPE 4,R01(3)
READ 4 ,RANGX
TYPE 4,RANGX
READ 4,RANGY
TYPE L4 ,RANGY
READ 9,K(1)
K(Zg:K(l)
K(3)=K(1)
TYPE 9,K(1)

CALL DIRECT (F2,X,N,RO1,RANGX,RANGY ,EPST,XMAX,YMAX,K

1TY)
Fo=-F2

SPECTX=( SPECTX+10.0)¥¥2%32 0
SPECTY=( SPECTY+10.0 )¥%¥2%32 .0

TYPE 12
TYPE 7

TYPE 8,F2,XMAX, YMAX,X(1),X%(2),SPECTX,SPECTY

TYPE 13

TYPE 14,%(3)
TYPE 11

TYPE §

CALL WAIT1
CALL WSETI
READ 4,R01(1)
TYPE 4,R01(1)
READ 4,R01(2)
TYPE 4,R01.(2)
READ 4,R01(3)
TYPE 4,R01(3)
READ 9,K(1)
K(2)=x(1
K(3)=K(1
TYPE 9,K(1)
GOTO 1
END

/5.0/100.0
/5.0/100.0

,SPECTX ,SPEC
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10

98

97

99
100

101
107
108

102

105
10k
103

120

130
140

141
1422
142

143

150

160

SUBROUTINE DIRECT

SUBROUTINE DIRECT( F1,X,N,RO1l,RANGX,RANGY,EPSI, XMAX,YMAX,K ,SPECT

1X,SPECTY)

DIMENSION R011(5)

DIMENSION X(5),R01(5),K(5)
DIMENSION XKK1(3)

FORVIAT (I1F7.3)

DIMENSION X1(5)

DO 97 1=1,N

CALL CHECK(X ,KI1,I)

CALL EVALL (F1,ALLOWX, ALLOWY ,X,N, SPECTX, SPECTY )
K 11=0

TYPE 98,F1, ALLOWX,ALLOWY, SPECTX, SPECTY, (X(K2),R0L(K2),K2=1,N)
DO 99 I=1,N

XKK1(T)=K(1)
RO11(I)=ROL(1)*(xKK1(1)+1.0)
CONTINUE

DO 200 I=1,N

J2=0

1=0

KI1=0

x(1)=x(1)+r01(1)

IF (J2)107,107,108
XL(1)=X(1)-R01L(1)

KI1=0

CONTINUE

IF (X(1)-12.0) 102,102,150
CALL CHECK (X ,KI1,I)

CALL EVALI (Fo,XMAX,YMAX,X,N,SPECTX, SPECTY)
IF (SENSE SWITCH 1) 104,103
TYPE 98,F2,XMAX,YMAX, SPECTX, SPECTY, (X(K2),R01(K2),K2=1,N)
CONTINUE

IF (XMAX-RANGX) 120,120,150
IF (YMAX-RANGY) 130,130,150
IF (F2-F1) 150,140,140
XKK=1.0

DO 12 ILJ=1,3

CALL EVAL1l (F11,XMAX,YMAX,X, N,SPECTX, SPECTY)
IF (XMAX-RANGX) 141,141,150
IF (YMAX-RANGY) 1422,1422,150
Fo=(F11+F2%(XKK-1.0) ) /XKK
XKK=XKK+1.0

IF (F2-F1) 150,143,143

Fl=F2

J=J+1

RO1{ 1)=2.0%R0OL(1I)

J2=0

GO TO 101

Jo=1

IF (J ) 160,160,170
ROL(I)=-RO1(I)

J=1

x(1)=X( 1)+R0L(1)

GO TO 101 .
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55
56

S/
58

61
62
65
67
69
70
71
72

73
A

76
78

81
83
85
87

170 x(D)=X(D)-ror(1)/2.0
CALL CHECK (X ,KI1,T)

CALL EVALI (¥2,XMAX,YMAX,X,N,SPECTX,SPECTY)

K(D=k( D)+1
XK=K(I)

IF (xMAX-RANGX) 180,180,195
180  IF (YMAX-RANGY) 190,190,195

190 IF (F2Fl) 195,191,191
191 XKK=1.0
DO DO 1913 1nJ=1,3

CALL EVAL1(F11,XMAX,YMAX,X,N, SPECTX, SPECTY )

IF (XMAX-RANGX)1911,1911,195

1911 IF (YMAX-RANGY) 1912,1912,195

1912 F2=(F11+(XKK-1.0)*F2)/XKK

1913 XKK=XKK+1.0
IF (F2-F1)195,1914,1914
1914 Fl=F2
GO TO 200
165  x(1)=X(1)-r01(1)/2.0
IF (KI1) 200,200,196
196  x(1)=x1(l)
200 ROL( D=ro11(1)/xK
XKK=1.0
DO 1915 ILJ=1,3

CALL EVAL1(F11,XAMX,YMAX,X,N,SPECTX, SPECTY)

F1=(F11+(XKK-1.0)*F1) /XKK

1915 XKK=XKK+1.0

TYPE 98,F1,XAMX, YMAX, SPECTX, SPECTY,(X(K2),R0L(K2=1,N)

M=0
DO 203 I=1,N

IF (ROL(I)-EPSI) 203,203,100

203  M=M+1

IF (M-N) 100,220,220
220 CONTINUE

RETURN

END
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401

200
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311

310

SUBROUTINE CHECK

SUBROUTINE CHECK(X,KI1,N)

FORMATION(12H VALUE OF X(,I1,13H) NEGATIVE =,F8.3)

DIMENSION X(5)

FORMAT §12H VALUE OF X(,I1,15H) EXCEEDS 10 = ,F8.3)

FORMAT (25HVALUE OF X(3) EXCEEDS 9 =,78.3
IF ¢(N)) 301, 302, 302
TYPE 400, N,X(I)
KI1l=1
X(N)=0.0 ,
IF (N-2)30k4, 304, 306
IF (x(n)-10 .0) 306,306, 303
TYPE L401,N,X(N)
KI1=1
X(N)=9.99
IF 4 3)-9.0)310,311,311
X(3)=8.99
TYPE 402 ,%(3)
KIl=1
CONTINUE
RETURN
END
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7401
7499
7501

701

109
710

708

711

748
749

7511

7512
(513

7500
750

SUBROUTINE EVAL 1

SUBROUTINE EVALI (F,XMAX, YMAX,X,I,SPECTX, SPECTY )
FORVAT ( 36HMULTIVERTOR DOES NOT CONVERT CORRECT)

J1=0
CALL WSETI
CALL RESET
CALL WAITL
CALL WETO
DIMENSION X(5)
V-6

DIMENSION ANALOG(6)
ANALOG (1) =X( 1)
ANALOG(2)=X(1)
ANALOG(3)=X(2)

ANALOG(L )=X(2)
ANALOG(5 )=X( 3)
ANAT,0G(6)=x(3)

CALL WIND(ANALOG(1))
CALL MODEO

CALL COMP

M2=1

DIMENSION €(6)

CALL RINO(c(1))

IF (c(1)+6.0) 711,710,710
CALL WAITO

CALL MODE1

IK=1

IF (IK- 400)2,3,3
IK=TK+1

GO TO 1

CONTINUE

M2=6

CALL RINO(C(1))

F=C(2)

XMAX=C(3)

YMAX=C(4)

SPECTX=C(5)

SPECTY=C(6)

IF (c(1)+7.2)7511,7512,7512
J1=J1+1

IF (J1-5)7501,7501,7500
IF (c(1)+6.0) 750,750,7513
J1=J1+1

IF (J1-5)7501,7501,7500
TYPE 7401

GO TO 7499
RETURN
END



[2]
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